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A small-ratio relative-rate technique to derive OH yields fromr@actions with alkenes is described. OH
tracer compoundsaromatic and aliphatic hydrocarbenare added to §-alkene mixtures in small quantities.

Under these conditions, a large fraction of the tracer is consumed, resulting in a large signal that allows
accurate determination of OH formation yields. Analytical approximations, numerical analysis, and sources
of random and systematic uncertainties are discussed. This method is applied to measuring the OH formation
yield from the Q reaction with propene and ethene, finding 0-8B®.07 and 0.18t 0.06, respectively.

Introduction reacts with cyclohexane to make an Rf@dical that dispro-
eoortiona‘res to cyclohexanone plus cyclohexanol. The, RO
|radicals can also react with H@ form hydroperoxides. Since
gwe HQ concentration in the reactor is not known, the
cyclohexanone/cyclohexanol method carries an uncertainty of
—33%+50%. Tracer loss methods where the tracer is at equal
or higher concentration than the alkene, and other metHgds,
generally have higher uncertainties. Recently, Atkinson and co-
workers have developed a new method that provides OH yield
measurements with higher accuracy, abatt5%2* This
method measures formation of 2-butanone from the reaction of
2-butanol with OH, a reaction that does not involve an,RO
intermediate. Because the 2-butanol contains small quantities
of impurities that result in the formation of 2-butanone in the
absence of alkenes, this method is best applied to alkenes that
react rapidly with ozone (i.ek > 8 x 10" cm?® molecule™!

s1). Gutbrod et al>~17 have recently measured OH formation
by adding CO in large excess and monitoring d@rmation.
They report OH yields that are in most cases lower than other
measurements. The LIF measurements carried out @t#borr

by Donahue et al. have estimated uncertainties©50%, and
since the pressure dependence of OH formation has yet to be
established, the quantitative comparability of these measure-
ments is not clear.

In this work, we discuss the theoretical basis of a small-ratio
relative-rate technique for measuring OH yields with high preci-
sion E15—25%), and its application to measuring OH formation
from propene. The method takes advantage of the behavior of
the kinetics when a small quantity of tracer is added, and the
majority of OH reacts with the alkene, rather than the tracer.
nism involving a vibrationally excited hydroperoxide inter- Under these conditions, ala}rge fraction of the tracer is consumed
mediate (R6) has also recently been thermochemically de- (up to 60,%)' T.he method is most successful when. the tracers
scribed?:16.17 react rapldly with the OH rad|ca_1l, and very slowly _W|th ozone.

The above methods have also been applied to quantify OH 1,3,5-Trimethylbenzene (TMB) is an excellent choice, followed

yields. A large, self-consistent data set has been developed b)py m-xylene (XYL) and din-butyl ether (DBE).
Atkinson and co-workerd218 by monitoring products from ) )
reaction of cyclohexane with OH in£alkene systems. OH  Mechanism of O;—Alkene Reactions

) o The reaction of @with alkenes is believed to occur via the
* Corresponding author. Email: paulson@atmos.ucla.edu . . L .
* Department of Chemical Engineering. formation of a five-membered ring intermediate that decomposes
 Department of Finance. to produce a carbonyl compound and the so-called "Criegee

The reactions of ozone with alkenes in the gas phase produc
a complex set of stable and radical products (e.g., ref 1). Severa
recent studies have provided evidence that these reactions leal
to the direct production of OH radicals® Organic peroxy
radicals (RQ) are likely to accompany the production of GH.
OH and RQ radical formation from these reactions has a
significant impact on the atmospheric chemistry of urban and
rural air. In those regions of the atmosphere with moderate
alkene concentrations (a few hundred ppt or more), OH and
RO, formation from Q-—alkene reactions is a major, and
sometimes dominant, component of primary ;H@oduction
(HOx = OH, HO,, and RQ) during both day and nigh§tl®In
air that is heavily influenced by anthropogenic emissions, the
majority of HO, comes from trace quantities of alkenes with
internal double bondyin rural continental air the major alkene
contributors are isoprene andpinene, but trace quantities of
terpenes with internal double bonds can also be signifitant.

Five lines of experimental evidence indicate OH is formed
in the ozonolysis of alkenes: (1) excess alkene consumption
compared to @ consumption (indicating an additional loss
process for the alkeA&l); (2) reaction of tracers that react with
OH but only slowly with Q (e.g. refs 12 and 13), (3) formation
of products that are consistent with reaction of OH with alkenes
and tracers (e.g. refs 3, 5, and-1%5); (4) recent studies
monitoring relative consumption rates of pairs of tracers are
consistent with OH reactioh® (5) most importantly, Donahue
et al.” have very recently observed the OH radical directly using
laser induced fluorescence (LIF) in low-pressure flow tube
studies of ozonealkene reactions. The OH formation mecha-
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intermediate” (Cl) (e.g., ref 21). For ethene: graph/flame ionization detector (GC/FID) (Hewlett-Packard
5890), equipped with a 30 m 1 um film x 0.32 mm ID DB-1
/O\O column (J&W). The GC was calibrated daily with a 26:2.4
H " H R ppm hexane standard (Scott Specialty Gases). Calibration
HC=CHy + O3 —> H/C_C\H — HCHO + [H,COO*  (R1) standards for TMB, DBE, propene, and 1-hexene (all certified

to +£2%) were run periodically, and these responses, relative to
Most of the initial Cl is vibrationally excited and either hexane, were used to determine the concentrations of these

decomposes or is collisionally stabilized by the surrounding gas c©mpounds. For XYL, a per-carbon response factor calculated
(R2). Ab initio calculations of this reaction suggest that the OH from the hexane response was multiplied by the number of
formation channel (R2f) accounts for-35% of the totaf;16 carbons; this provides a concentration accurate to witt#fo
in reasonable agreement with experiments (e.g., ref 5). (provided the compound contains only carbon and hydrogen).
For relative measurements, however, we are interested in the
™M w PR repeatability through time and changing sample composition.
[HZCOOF H,COO(‘thermalized’)+ M (R2a) The repeatability of the GC measurements is better than 0.5%
HC(O)OH+ M (R2b) (same sample), but this metric overestimates the precision. Over
several hours, an FID can drift by 1% or possibly 2%. As an

—2H+CO, (R2c) experiment progresses, small product peaks growing near or
H,O + CO (R2d) under the main peaks in a chromatogram can significantly reduce
the precision of the measurement. This can be mitigated by

CO,+H, (R2e) careful examination of the chromatograms and periodic variation
OH + HCO (R21) of the GC temperature programs. In the absence of coeluting

peaks, the precision in the GC/FID measurement of hydrocarbon
OH Formation. OH formation from ethene and larger ~Cconcentrations is1—2%:; in some cases the uncertainty can

alkenes is probably best explained with different mechanisms. P& @s high ast5—7%. An error in an initial concentration is
For ethene, small amounts of OH may arise from path (R2f) amplified in the resulting slopes (see also eq 7 or 8) by a factor

plus the side reactions: of 2—10 or more; the smaller the amount of tracer consumed
in an experiment, the larger the amplification factor. This factor
H+0;—0H+0, (R3) may account for a significant fraction of the observed scatter
in our data. Ozone was generated in aliquots by flowing pure
HO, + O;— OH + 20, (R4) 0> (at 100 S crd min~! for 30—90 s) through a mercury lamp

generator (JeLight PS-30030), and was monitored by UV
There is a growing body of evidence that OH is produced absorption (Dasibi 1003-RS).

directly in high yield from Q reactions with larger alkenes, Thirty to sixty minutes after filling the chamber, the initial
through a different mechanism than that of L. OH hydrocarbon concentrations were determined, typically with four
formation has been postulated to occur via the formation of a yeasurements, to establish that the chamber contents were well
vibrationally excited unsaturated hydroperoxidéFor propene mixed. Next, a series of Daliquots were added, each im-
mediately following injection of a sample into the GC to allow
maximum time for mixing and reaction before the next
measurement (530 min depending on the GC analysis). Each
— H,COQ' + CH,CHO (R5b) Os injection was followed by manual mixing of the chamber to

minimize concentration gradients. Mixing s90% complete

CH,HC=CH, + O, — CH,0 + CH,CHOO" (R5a)

B H ¥ o 1 CH, in less than 5 min, but since this is a relative measurement that
CrH 2 i ally i i
H_(E«/ > 1—c” H_C/ + on |s'e.sse.nt|ally mo!ependent of the; @oncentration (see'below),
N N ooH N mixing is not critical. The total volume of added/O- aliquots
oo (R6) in a typical experiment was about 0.5 L, but was always less

than 1% of the volume of the chamber so that a correction for

Note that since twisting is required for the isomerization; it dilution was unnecessary. Experiments lastecb31 and had
is not truly concerted. Recent theoretical work suggests that theaverage @ concentrations (the concentration of each aliquot
transition state for the hydroperoxide channel has lower energy once it was mixed) of 0.5 ppm or less. Between 55 and 75% of
than the transition state for the isomerization pathways, which the initial alkene was reacted.
form thermalized Cl and other decomposition products but not  ggyeral experiments using the small-ratio approach have been
OH.747 carried out in different experimental systems to ensure that
mixing does not bias results. Experiment ET-317 (Table 1) was
carried out at the National Center for Atmospheric Research in

All experiments except ET-317 were carried out at 29@ Boulder, CO, in a long-path FTIR cell. Briefly, the cell was
K in Teflon chambers ranging in size from 100 to 250 L. The evacuated, then alkene and tracer were added and the cell was
chambers were placed in a dark enclosure to eliminate anypressurized to 72& 10 Torr with synthetic air. After a reference
possible photochemistry. Liquid hydrocarbons were evaporated spectrum was acquired, an aliquot of as prepared and swept
into a stream of air purified with a zero air generator (Thermo into the cell to bring the pressure to 7305 Torr. All injections
Environmental model 111) as the chamber was filled. Gas-phasewere made through an 8-port dispersing injector. After one or
hydrocarbons were injected with a gastight syringe. Purchasedtwo spectra were recorded, the cell was evacuated and the
hydrocarbons (Aldrich) had stated purities of 98% or better and procedure repeated with a differen @ncentration. Consump-
were used as received. Hydrocarbon concentrations weretions of alkene and TMB were calculated by differencing the
monitored throughout the experiments with a gas chromato- initial spectrum with that after ©was added. The results from

Experimental Description
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TABLE 1: Summary of Initial Conditions, Ratios, and OH Yields

OH yield OH yield
initial concn To/Ao complete

alkene/tracer expt no. (ppm) ratio model eq5 S eq’7 eq 1l
propene PT-615 934
1,3,5-TMB 5.77 0.062 0.35 0.31 0.54 0.37 0.36
propene PT-81 3.03
1,3,5-TMB 0.222 0.073 0.36 0.31 0.53 0.37 0.36
propene PT-76 49.4
1,3,5-TMB 7.09 0.14 0.35 0.30 0.49 0.38 0.35
propene PT-83 3.36
1,3,5-TMB 0.645 0.192 0.31 0.29 0.44 0.35 0.34
propene PT-614 9.83
1,3,5-TMB 8.92 1.01 04 0.39 0.26 0.49 0.41
propene PT-728 0.387
1,3,5-TMB 2.40 6.21 0.33 0.51 0.068 0.47 0.5Z
propene PD-613 28.0
DBE 6.04 0.21 0.32 0.27 0.24 0.35 0.34
propene PTD-719 30.0
DBE 0.494 0.017 0.35 0.20 0.24 0.29 0.25
TMB 4.63 0.16 0.40 0.35 0.53 0.43 0.39
propene PTD-77 33.2
DBE 1.81 0.055 0.33 0.23 0.27 0.34 0.31
1,3,5-TMB 1.86 0.056 0.32 0.26 0.50 0.32 0.31
propene PDT-726 10.9
DBE 1.72 0.17 0.34 0.23 0.24 0.33 0.31
1,3,5-TMB 1.79 0.16 0.37 0.26 0.43 0.33 0.32
propene PXT-117-N 9.20
XYL 0.317 0.036 0.35 0.28 0.24 0.36 0.375
TMB in nitrogen 0.402 0.045 0.35 0.30 0.55 0.42 0.34
average 0.346 0.28 0.353 0.335
standard deviation (9° 0.045 0.08 0.070 0.072
ethene ET-625 67.1
propene 0.943
TMB 4.31 0.064 0.15
ethene EXT-919 5.22
m-xylene 0.935 0.18 0.18 0.12 0.24 0.15 0.16
T™MB 0.905 0.17 0.18 0.17 0.53 0.19 0.17
ethene EDT-918 5.89
DBE 0.716 0.12 0.17 0.11 0.31 0.18 0.135
T™MB 0.956 0.16 0.17 0.18 0.54 0.18 0.18
ethene ET-911 5.59
TMB 0.89 0.16 0.19 0.22 0.69 0.24 0.23
ethene ET-317 93
T™MB 9.3 0.10 0.20 0.21 0.75 0.21 0.23
average 0.18 0.17 0.19 0.18
standard deviation (8¢ 0.03 0.09 0.06 0.08

aS = Ay(To — T)/To(Ao — A); calculated using a linear least-squares regres8iBecause this equation calculates an OH yield for each data
point and is very sensitive to the rati@éA, or T/Tro, the initial points have high uncertainties and in some cases widely oscillating values, which
converge on a constant value for the later data points (Figure 5). We have arbitrarily averaged the last half of the calculated OH yields for the
values reported heréThe high ratio experiments PT-614 and PT-728 were not included in the averages.

this experiment, like others carried out in the FTIR cell, are in be added in large exces&0—1000-fold depending on the
very good agreement with the chamber/GC/FID measurementstracer/alkene combination. Under these conditions, even if 100%
using sequential @additions. An additional set of experiments of the alkene is consumed (and especially if the OH formation
were carried out with the same small-ratio technique in a flow yield is significantly less than unity), then a small fraction of
system (Fenske and Paulson, in preparation). In these experithe tracer reacts:

ments, mixing is complete in 200 ms to 10 s or less. Again, the

flow experiments are in excellent agreement with those per- ko, _
formed in the Teflon chamber or with the evacuable FTIR cell. O, + alken yO“H + yRQZ +"X1R2C O +%HO, +
X5‘thermalized” Cl+ other products (R7)

Theoretical Basis of the Small-Ratio Relative-Rate

K,
Method OH + alkene ¢-M,0,) — RO, (+M) (R8)
Monitoring OH formation in ozonolysis reactions is con- ke
founded by the rapidity of reactions of alkenes compared to OH + tracer (+O,) — RO, (+ other products) (R9)
most other compounds. Alkenes react with OH at nearly gas-
kinetic rates, most with rate constants in the range<{3f x Deriving information from decay of the tracer under these

10 cm?® molecule* s7%. If the goal is to scavenge the majority ~ conditions carries a large uncertainty since it requires measuring
of OH radicals (i.e.z95%) with the tracer, then the tracer must small differences between large numbers. However, when a
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Figure 1. Plot of (a) the percent OH reacting with tracer (thin lines,
right axis) and (b) the percent of the initial tracer reacted assuming
that 70% of the alkene has reacted in the given experiment (thick lines,
left axis). For these calculations, the assumed OH yields were 0.25,
0.35, and 0.7 for isoprene, propene, andinene, respectively. Percents

of initial tracer reacted were calculated with eq E7. The rate constants
for OH reaction are 10 cm® molecule! s™%): isoprene, 10;
methylcyclohexane (MCH), 1.0; propene, 2.6; 1,3,5-trimethylbenzene
(TMB), 5.73; a-pinene, 5.4; andn-xylene (XYL), 2.2.

small amount of tracer is added, a measurable percentage of

the tracer reacts away.

A tracer can be any compound that reacts rapidly with OH
but only slowly with QG (or HO, or other potential reaction
partners). Figure 1 shows the percent OH reacting with tracer
(thin lines) and the percent of the initial tracer reacted (thick
lines) as a function of the ratio of the initial tracer to alkene
concentrationsTy/Ao), assuming that 70% of the initial alkene

has reacted, calculated using eq E7. Three “tracers” are

compared: 1,3,5-trimethylbenzene (TMByxylene (XYL),
and the relatively slowly reacting methylcyclohexane (MCH).

These compounds have OH reaction rate constants in the ratio

5.7:2.2:1. As expected, the faster the OH reaction with tracer
relative to alkene, the more tracer reacts, at any ratio. This is
illustrated by comparing the curves for XYL/propene and TMB/
propene; at small ratios, about 2.5 times more TMB is consume
than XYL, in direct proportion to the ratio of their OH rate
constants. The MCHY/isoprene combination illustrates a particu-
larly poor choice of tracerisoprene reacts very rapidly with
OH, and has a small OH yield, and MCH reacts relatively slowly
with OH. These factors combine so that even at very sipll

A ratios only a few percent of the MCH is consumed. This
combination was used by Paulson et'athe OH yield reported

for isoprene in that work should have had a much higher
uncertainty estimate. Even with the most rapidly reacting tracer,
TMB, a maximum of about 12% is consumed in the isoprene
system (not shown). In contrast, farpinene, the maximum
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Analytical Approximations of the Small-Ratio Relative-

Rate Technique.Because of the changing tracer to alkene ratio,
formation of products that also compete for OH, and minor side
reactions such as tracer wall losses, the analysis of this type of
experiment is done most thoroughly numerically, by solving
the differential equations that describe the complete set of reac-
tions in the system (below). A detailed discussion of alternate
reactions that may produce small amounts of OH or consume
additional tracer appears in the section entitled Systematic Un-
certainties.

Two analytical approximations of the kinetics of this method
are presented here. The first is intended to provide an intuitive
background, and is based only on eqs—fRB. The second
approximation partly compensates for the effect of products from
the alkene which also react rapidly with OH and can be applied
in special cases.

Analytical Approximation I. The time-dependent concentra-
tions of alkene, tracer, and the OH radical (A, T, and OH,
respectively) are given by (based on eqs-RB only):

dA/dt = ~A(kyOH + k; ) (E1)
dT/dt = —k;OHT (E2)
dOH/dt = —OH(k;T + kyA) + ko OAY  (E3)

If OH is assumed to be in steady state, these equations can be
rearranged to give the expression:

dinT _ krAY
dinA KAy + kT + kA

(E4)

This differential expression must be integrated before an OH
yield can be calculated. Use of an integrating factor provides
the following expression:

A= ) ke kA+
) T
T T\ Ka/kn)(y+14)
Ao ko k (T_) (ES)
1— A =5\ o
-4

¢ Unfortunately, (E5) cannot be rearranged to provide a convenient

explicit expression foy, the OH formation yield, but it can be
solved numerically. OH yields from eq E5 were calculated by
minimizing the sum of differences between the data and eq E5,
are listed in Table 1, and are discussed below.

At small conversions, thalifferential expression (E4) is
approximately equal to the slope of a percent tracer reacted vs
percent alkene reacted plot (Figures5):

dinT A(To—T) _
dinA” T, (A, — A)

(E6)

tracer consumed is about 40% due to more favorable reactionThus (E4) and (E6) may be combined to calculate an OH yield:

rates and a higher yield of OH from tleepinene reaction with
Os. Even so, only slightly more tracer reacts in theinene

than the propene system (OH yields of 0.7 and 0.35, respec-

tively), becausen-pinene competes for OH much more ef-
fectively than does propene. It is also apparent thaiof is

_ SlkTot kaAY
Y= kA — SkA,

The OH yields calculated with (E7) are included in Table 1.

(E7)

decreased, the percent of tracer consumed increases, asymptotior these calculations a linear least-squares regression was used

cally approaching a maximum value.

to calculate the slope for the whole data set, an approach that
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Figure 2. 1,3,5-Trimethylbenzene reacted vs propene reacted for
experiments PT-615, -614, and -728 with/A; = 0.062, 1.01, and
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Figure 4. Data (symbols) and calculations with the complete model

6.21 (Table 1). The symbols represent measurements, and lines modef!ines) for PXT-117-N. Solid circles/solid line are TMB and solid

calculations assuming the OH yield specified in the legend. Also shown

diamond/dashed line are XYL. An OH yield of 0.35 was assumed for

are the results of calculations assuming a 20% increase or decrease iROth tracers (Table 1). The open symbols, plotted with respect to the

the OH yield for the small (PT-615) and large (PT-728) ratio

right-hand axis, show the OH yield calculated using eq E11 for each

experiments. For PT-615, OH yields of 0.42 and 0.28 and for PT-72g data point; circles for TMB and triangles for XYL.

0.4 and 0.26 were assumed for the0% and—20% cases, respectively.
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Figure 3. Data (symbols) and calculations (lines) for experiments PDT- Figure 5. Data (symbols) and calculations (lines) for EXT-919
77 and PDT-719. The initial ratios for these experiments were and 0.16 (circles), EDT-918 (squares), and ET-911 (stars). Corresponding model
and 0.055 for DBE and 0.056 and 0.017 for TMB for experiments PDT- calculations are indicated in the legend. OH yields of 0.18, 0.17, and

77 and PDT-719, respectively.

is not strictly correct but works reasonably well for alkenes that
produce data that fall on straight lines (discussed below).

Also, whenTokr << Agka,

_ sk
Y=k sk

Equation E8 is independent @f; i.e., the slope$) of a plot of

0.19 were assumed for each experiment, respectively (Table 1).

6.21, respectively (Table 1), plotted as the percent tracer reacted
vs percent alkene reacted. As expected, the smallég, the
larger the slope. Model calculations (described below) for these
experiments are also shown, assuming OH yields of 0.35, 0.4,
and 0.33 for the three experiments, respectively, together with
calculations assuming 20% above and below the “best fit” OH
yields for PT-615 and PT-728. From these curves it is clear
that OH yields can only be determined sensitively by monitoring

percent tracer reacted plotted against percent alkene reactedracer loss at smally/A ratios.

approaches (asymptotically) a maximum valug@8, becomes

small (Figure 1).

Analytical Approximation Il: Accounting for Major
Product Formation—A Special Case.The most important

Figure 2 shows data from three TMB/propene experiments, additional compounds competing for OH are products. Since

PT-615, -614, and -728, witfg/Ag ratios of 0.061, 1.01, and

in these experiments the alkene is in excess, once half or more
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of the alkene has reacted, the concentration of its oxidation complete model is most reliable since it includes wall losses,
products can exceed the concentration of both the alkene andoroduct formation, and other minor sources of OH. All three
the tracer. Many of the products are less reactive than eitherapproximations perform poorly for the high ratio experiments,
the alkene or the tracers and have a small affect. The aldehydeand these have been omitted from the averages. (E5), which
products, however, react reasonably rapidly with OH, and thus accounts for the affects only of (R#JR9), results in OH yields
can compete significantly for OH: that are both smaller and much more variable than those
calculated with (E7) or (E11) or with the complete model,
RCHO+ OH il H,O + RC(=0)00 (R10) averaging 0.28t 0.08 for propene and 0.1F# 0.09 for ethene,
compared to 0.35: 0.045 and 0.18t 0.03 for the model,
An exact analytical solution to the system of ODE’s describing "&Spectively. The OH yields are particularly low for the more
(R7)-(R10) could not be obtained, but here we make an slowly reacting '.[racer in the dual tracer experiments. Both Qf
approximation that applies to alkenes that make sufficiently these effects arise from other compounds that also react with
reactive products that they effectively replace most of the reacted OH but were ignored in the derivation of (ES): products, and,
alkene in competing for OH. in the. case of the dual tracer experiments, the other tracer. The
The data (and numerical calculations) for propene and ethene@H Yields calculated from (ES) are somewhat higher for the
shown in Figures 25 fall essentially on straight lines. This ethene single-tracer experiments. Ethene is a special case,
implied simplicity is fortuitous. For many alkenes, a slight because it reacts slowly enough with both ozone and OH that
upward curvature in the lines is observed (e.g., see ref 23), while the small secondary sources of OH, such as (R4), have a
largerinitial T/A ratios result in smaller slopes (Figure 2); ina noticeable effect.
given experiment the increasing T/A ratio tends to increase the ~Equations E7 and E11 both perform reasonably well, provid-
slope. The degree of curvature is a complex function of rate ing average OH yields for the small-ratio experiment that are
constants of alkene, tracer and produ@t$A, and the OH and close to the model results but have much higher scatter. Equation
product yields. For some alkenes, the products have sufficient E7 performs well for ethene and propene because they produce
concentration and reactivity to approximately make up for the data that happens to fall on a straight line, so that the assumption
amount of alkene needed to maintain #féectve T/A ratio in its derivation, only strictly true at small conversions, gives
(note that this is less than the amount of alkene reacted sincethe appearance of working for the whole experiment. (E11)
some of the tracer has also reacted). Under these conditions wéerforms well for propene because the approximation in (E9)

can make the approximation: is nearly satisfied; the acetaldehyde and formaldehyde formed
approximately replace the reacted propene in competing for OH.

ki Ty KT For ethene, the formaldehyde produced more than replaces the
kAAO: KnA + kP (E9) ethene, so (E11) calculates higher OH yields for the single-

tracer experiments than does the model. Neither (E7) nor (E11)

If we make the further simplification of usirkg, andP as the accounts for a second tracer. For dual tracer experiments, the
weighted average concentrations and OH reaction rate constant§nore slowly reacting tracers generally have lower OH yields

of all reactive products and ignore the decapive can rewrite  than the model for both (E7) and (E11), reflecting the situation
(E3) as follows: that from the point of view of the more slowly reacting tracer

the fast reacting tracer consumes a significant fraction of OH,
dOH/dt = Ogky YA — OH(K\A + kT + koP) (E10) (the reverse is not true).
In summary, several analytical approximations are offered.
(E1), (E2), and (E10) can be integrated to give the following For a particular experimental design, one or more approxima-

explicit expression foy: tions may work very well, but each must be applied after careful
consideration of the particular experiment. That (E7) and (E11)
(To T KA T [T\ k) provide results that are very close to the complete model
(k; — ky) ?0 ?O indicates that these experiments are well described by reactions

(E12) R7—R10. Wall effects and other side reactions have a minor

T \(ka/kr)

A— A= effect.
TO

. . . Numerical Derivation of the OH Yield
This expression provides a reasonable result for many alkenes,

but cannot be used for alkenes that react very rapidly with OH, ~ While the approximate analytical solutions ((E7) and (E11))
e.g., isoprene, butadiene, etc., or produce slowly reacting provide reasonable estimates of the OH yield for many alkenes,
products (e.g., 2,3-dimethyl-2-butene). The results calculatedthey do not account for some second-order affects or experi-
from this expression are also listed in Table 1 and are shown in ments in which two tracers are used. A kinetics model, solved
Figure 4. This equation calculates an OH yield for each data numerically?* that includes organic and inorganic chemistry
point and is very sensitive to the ratiégA, and T/Tp. Since (shown in Table 2) provides a more accurate OH yield (although
the measurement errat-(—2%) is similar in magnitude to the  for some alkenes the result from (E7) or (E11) is indistinguish-
percent reacted for the early points, the initial data have high able) and provides a way to assess uncertainties. In this
uncertainties that in some cases result in widely oscillating yields calculation, the OH yield from the £-alkene reaction is the
calculated with (E11); yields converge to a constant value for only parameter adjusted to fit the results. The 47-reaction model
the later data points. We have arbitrarily averaged the OH yields we used accounts for the most important reactions, but many
calculated from the last half of the data points with (E11) for products can be safely ignored or lumped. Many of the stable
each experiment to derive the OH vyield reported in Table 1, products are relatively unimportant since their concentrations
column 9. are small until late in the experiment, and they react relatively
Table 1 contains OH vyields calculated for each experiment slowly with OH and not at all with @ Tracer product
with the complete model and with (E5), (E7), and (E11). The concentrations are always low since the tracer concentrations
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TABLE 2: Table of Kinetic Data Used in Model

rate constant ref ref
at 298 K (K) (products) reaction and products

(1) 2.63E-11 a a propenet OH— 0.66 2-f-hydroxy-RQ + 0.33 °-5-hydroxy-RQ

(2) 1.1E-17 a b propenet Oz — 0.6formaldehydet 0.52acetaldehyde 0.12HQ + 0.17CO+
0.25 I-f-hydroxy-RQ + 0.350H

3)1.4E-11 c a acetaldehyde- OH — CHz;CO;s

(4)3.E-12 a a CH;CH,C(=0)O0+ HO, — CH;C(=0)OOH

(5)3.E-12 d d CH3CO; + HO, — CH;C(=0)OO0H

(6) 1.66E-11 d d CH3CO; + CH3;CO; — 2.0CH00

(7) 3.7E-13 d d CH300 + CH;00— 0.72HG + 0.07ROOH+ 1.29formaldehyde- 0.57alcohol

(8) 5.86-12 d d CH300 + HO, — methylhydroperoxide

(9) 2.1E-12 d d 1°-f-hydroxy-RQ + 1°-B-hydroxy-RQ — formaldehydet acetaldehyde-

HO, + 0.5alcohoH 0.5propanal

(10) 1.5E-11 d d 1°-f-hydroxy-RQ + HO, — ROOH

(11) 8.4E-13 d d 2°--hydroxy-RQ + 2°-f-hydroxy-RQ — 1.16acetaldehyde 1.16formaldehyde-
1.16HQ + 0.42alcohoH- 0.42acetorie

(12) 1.5E-11 d d 2°--hydroxy-RQ + HO, — ROOH

(13) 1.7E-12 d d 1°-f-hydroxy-RQ + 2°-3-hydroxy-RQ — 0.54acetaldehydé¢ 1.62formaldehyde-
1.08HQ + 0.46alcohoH- 0.46acetorie

(14) 2.E-11 a a propanal- OH — CH3;CH,C(=0)O0

(15) 5.3E-12 a a OH + alcohol— HO, + formaldehyde

(16) 5.5 E-12 a a OH + methylhydroperoxide~ 0.67CHOO + 0.33formaldehydet 0.330H

(17)5.5E-12 a a OH + CH;C(=0)OOH— 0.67CHCO; + 0.33formaldehyde- 0.330H

(18) 1.0E-11 c C formaldehydet OH— HO, + CO+ H,0O

(19) 5.0E-14 c c formaldehydet HO, — HOCH,O,

(20) 153 a a HOCH,O, — HO; + formaldehyde

(21) 6.8E-14 c c OH+ O3 —HO, + O,

(22) 2.E-15 c c HO, + O3 — OH + 20,

(23) 1.7E-12 c c HO; + HO, — HOOH + O,

(24) 4.9E-32 c c HO; + HO; + M — HOOH + O,

(25) 1.7&-12 c c HOOH + OH — HO; + H,0O

(26) 1.1E-10 c c OH+ HO, — H,0 + O,

(27) 2.8E-11 d f di-n-butyl ether+ OH — RO,

(28) 1.E-21 g f di-n-butyl ether+ O3 — RO,

(29) 1.7E-7 g f di-n-butyl ether— M (wall loss)

(30) 2.20E-11 g h mxylene+ OH— 0.21formaldehyde- 0.89formic acicH- 0.33acetic acidt- 0.48glyoxal +
0.24 4-oxo-2-methyl-2-pentenat 0.12 3,5-dimethyl benzaldehyde
0.152,4,6-trimethyl phenbol

(31) 1.E-21 e f mxylene+ O; — RO,

(32) 1.6E-7 e f mxylene— M (wall loss)

(33)5.73E-11 e h TMB + OH— 0.21formaldehyde- 0.89formic acict 0.33acetic acia+ 0.48glyoxal+
0.24 4-oxo0-2-methyl-2-pentendd 0.13 2,5-dimethylbenzaldehyde0.15 2,4,6-trimethylphenol

(34) 2.3E-21 e f TMB + O3 — RO,

(35) 9.6E-7 e f TMB — M (wall loss)

(36) 3.E-13 d d RO, + RO, — 2.0RALD + 1.2HG;,

(37)3.E-12 d d RO, + HO, — ROOH

(38) 1.E-11 f f ROOH+ OH— RALD + OH + RO,

(39) 3.04E-11 f f RALD + OH— RO,

(40) 8.E-13 a a acetic acidt OH— CH3;O0

(41) 6.15E-12 f f RACID + OH—0.12 CO+ RO,

(42) 2.7E-10 i f 4-ox0-2-methyl-2-pentenat OH — RO,

(43) 4.E-18 i f 4-oxo-2-methyl-2-pentenat O; — RO,

(44)3.E-11 i h 2,4,6-trimethyl phenot- OH — 0.21formaldehyde- 0.89formic acict- 0.33acetic acid-

(45) 1.12E-11
(46) 1.8E-11
(47) 4.E-9

i
i
f

f
f
f

0.35glyoxal phenéH- 0.13methyl glyoxalH 0.24 4-oxo-2-methyl-2-pentenat
0.12 3,5-dimethyl benzaldehyde 0.15 2,4,6-trimethyl

glyoxal+ OH— 0.60H+ 0.4CHCO;

3,5-dimethylbenzaldehyde OH — RO,

M = Os (artificial Oz source)

a Reference 282 Based on the carbonyl yields of Grosjean and Grosfeand the OH yield of 0.35, with the assumption that part of the RO
radical (labeled %-5-hydroxy-RQ) that is coproduced with OH makes formaldehyde; thus the direct formaldehyde yield was reduced by 0.18. The
portion of the carbon that does not make carbonyls was then assumed to makeahe G Criegee intermediates; in a proportion of 45:55
(inferred from the apparent branching observed in the carbonyls; more formaldehyde is produced than acetaldehygle).afkent=d to make
only OH (0.25) and 1-5-hydroxy-RQ, and the @ is assumed to make 0.10H HO, + CO, with the remainder generating (€® H,), (CO +
H,0), and (2H+ CO,) in proportions of 0.2:0.7:0.1. COH,, and HO are ignored since they are not reactivReference 30¢ The rate constants
and products of the self-reactions and R®IO, reactions are from Lightfoot et &.and Jenkin and Hayma# The rate constants are the geometric
average of the self-reaction rate constants, and the products are the arithmetic av&eafgence 25, Approximated (this work)? Measured
(this work). " Approximated from ref 28: products were derived from existing data for TMB and assumed to be the sargléore.’ Approximated
from structure-activity relationship® or analogous compounds (for aromatiédhdicates that, although a particular compound is specified, this
product is not the exact compound that is thought to form, but has a very similar reactivity with respect to reaction with the OH radical. ROOH
= organic hydroperoxide, RG= organic peroxy radical, RACIB= organic acid, RALD= aldehyde. Production of CO and @ ignored.

are small. Ozonealkene reactions generate aldehydes in almost included. Q (which is added in aliquots) is specified as a first-
unit yield; since these react rapidly with OH they must be order source term with a rate constant consistent with the alkene
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consumption rate observed in each experiment (the sensitivitythe OH and @ reactions with hydrocarbons. For example,
to this approximation is investigated below). The experiments doubling the HQ yield (which may be a realistic assessment
were stopped after 55/5% of the alkene was consumed of its uncertainty) results in a-23% decrease in the OH yield.
because both the chemistry and the chromatograms becomeSince Q is added in 815 concentrated aliquots, the;O
increasingly complex as the experiment progresses. This is aconcentration is also variable. The concentration gfirOthe
compromise between a good signal and increasing side reactionsliquot itself can be as high as 262000 ppm, but this is rapidly
and products. diluted as it mixes into the reaction chamber. The model uses
As part of a related study we have measured the rate an Qs concentration that represents tneragebehavior of the
constants for the reactions to which the OH yield is most Osinthe chamber; it starts at zero and increases to several ppm,
sensitive: the OH reaction with tracers TMB, XYL, and DBE. depending on the alkene concentration. A 200-fold increase in
We have also measured the rate constants foeéxtions with  the (model) ozone concentration has a negligible affect on the
TMB and XYL, as well as wall loss rates forsOTMB, XYL, OH yield (i.e., <0.5%).
and DBE (wall loss rates in a chamber are completely negligible ~ The systematic uncertainties for small-ratio propene experi-
for hydrocarbons with less than about six carbon atoms. Table ments combine to abott13—15%. For large ratio experiments,
1 summarizes the initial conditions and OH vyields calculated the systematic uncertainties will be larger50%.
with the model. Random Uncertainties.There are several sources of random
Systematic Uncertainties The largest source of uncertainty ~Uncertainty in this type of measurement. Any error in the relative
inherent in this small-ratio relative-rate method is that associated COncentration measurement caused by coeluting peaks translates
with the OH-tracer rate constants. Any uncertainty in these diréctly into an error in the slope, which affects the predicted
values is translated directly into the OH yield uncertainty. we ©OH Yield depending on the conditions of the experiment. For
believe that these values are known to better tha8% (95% propene experiments at small ratios, a 5% error tran_slates into
confidence interval; for a detailed discussion, see ref 25). In @20ut a 7% effect on the OH yield (this can be derived from
contrast, since the alkene is in excess, uncertainty in its rate(E7)). An error in an initial concentration is amplified in the

coefficient has a smaller affect on the calculated OH yield. For 'eSulting slopes by a factor of-2L0 or more (see also (E7));
example, a 10% difference in the rate constant for-©ikene the smaller the amount of tracer consumed in an experiment,

reaction results in a less than 1% difference in the calculated e 1arger the amplification factor. This particular set of
OH yield, as long as T/A is small. experiments was prone to an uncertainty in the initial concentra-

The OH yield derived from this method is quite insensitive tions (due to incomplete mixing before the initial addition of

. 0 . .
0 uncertainty iry/Aq, except when the ratio is large (€.89.3, Os3). Those with more than a 1% uncertainty were not included

depending on the alkeneftracer combination; see Figure 1). For_here. These two sources of error account for the observed scatter

example, for a small ratio propene experiment, a 30% change'" these experiments of abotitl 2% (),

in thelc’ra{io shifts the calcul%te% OH igld b 50/’ Sincg the 9 Combining systematic and random uncertainties, an overall
) Lo ed DH yIeld Dy S570. - uncertainty ot-15—25% can be expected for alkenes that react

maximum uncertainty in the initial ratios 6%, this source

of error is negligible with Oz at moderate rates, provided smajlAp ratios and fast
) ) o reacting tracers such as TMB are used. For ethene and butadiene

The yield of aldehydes from the ozonelkene reaction is  {he pest uncertainty is=25-35%. Uncertainties are higher
another potential source of systematic uncertainty. Since alde-(.. 15094 or more) for largdy/A, ratio experiments.
hydes react rapidly with OH radicals and build up to high
concentrations toward the end of the experiment, they can Experimental Results
compete for a significant portion of the OH radicals. For ) . .
aldehyde yields that have been measured in the presence of OH Propene.To verify this method, we have carried out several
scavengerst25% is a reasonable estimate for their uncertainty YPES Of experiments using the proper@; reaction as the OH
(see notes in Table 2For example, for propene experiments SOUrce. Initial ratiosTo/Ag) were vgned from 0.02.to 6.2. Three
with reasonably smalTy/Ao, adjusting the aldehyde yields by tracers were used, along or in pairs. In the experiments Qescnbed
£25% shifts the OH yield prediction by-27%, in the same here we have ad_ded pairs of tracers for two_reasons. First, each
direction as the change in the aldehyde yield. Many of the experiment provides two data sets from wh!ch to calculate the
expected products are organic peroxides, since the-RIO, OH yield. Second, the tracer pair concentrations may be plotted

reactions are fairly rapid, and HGs generated both from the ~ according to the equation:
Os—alkene reactions and from most RERO, reactions. K
Organic peroxides react fairly rapidly with OH, and both the T In([T]¢/[Tl,) (E12)
yields and the OH reaction rate constants for these compounds ke, In([T,]¢/[T2)
are uncertain, and introduce an additional uncertainty that is
probably equivalent to that arising from the aldehyde uncer- where kr, and T; are the OH reaction rate constants and
tainty. concentrations, respectively, for thth tracer. The resulting
There are several smaller sources of uncertainty that areslope may be compared with that predicted by reaction of tracers
common to most (if not all) methods of measuring OH formation with OH (see also ref 6). Since XYL and DBE elute close to
yields. Increasing the tracer wall loss rate by a factor of 2 in one another on our column, we use TMB and either XYL or
the propene experiments (the uncertainty for our wall loss ratesDBE. Ultrapure nitrogen was used in place of air in one
are 60%#°) decreases the predicted OH yield by@Ro. The experiment. The initial concentration§y/Ay, OH yields, and
slow reaction of tracers with £has a negligible affect for all  special conditions are summarized in Table 1. Figure 2 shows
alkenes except those that both react slowly withadd have the effect of thelTo/Ag on tracer consumption and the calculated
small OH yields. OH radicals can arise from the reactions of OH yield for three experiments that used TMB as tracer. Figure
O3 with HO, or H atoms ((R3)-(R4)), producing an uncertain 3 shows the results from two representative small-ratio experi-
quantity of OH. Nearly all H atoms react with,@o produce ments, PDT-77 and PDT-719, both of which used a pair of
HO,, and most H@ reacts with the R@radicals that form in tracers (TMB and DBE). Figure 4 shows the results for PXT-
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117, which was carried out in ultrahigh purity nitrogen. The measurement is unclear, however, since the pressure dependence
To/Ao ratios for these experiments are in the region where the of the OH formation channel has yet to be established. We have
slopes should be close to their maximum values (Figure 1). made preliminary measurements indicating that OH yields may
Figures 3 and 4 clearly demonstrate that the amount of tracerincrease at lower pressures for some alkenes (Fenske and
consumed is directly proportional to its OH reaction rate Paulson, unpublished work). We have measured OH yields for
constant; about twice as much TMB reacts as DBE, and 2.5 several additional alkenes and find that our results are generally
times as much TMB relative to XYL in each case (see also in reasonable agreement (within the uncertainties, but some are
(E12) and ref 6). The experiment shown in Figure 4 was not significantly higher or lower) with the values reported by
oxygen free; the chamber was rinsed twice wity) Ahd then Atkinson and co-workers (e.g., refs 23 and 27). Except in the
filled with N, but some @ was added with the © The G case of isoprene, our values are larger than those of Gutbrod et
concentration was not measured but is expected to be at least @l.*>1”and Horie and Moortgét by a factor of 2-3. The reasons
factor of 10 lower than in air. The OH yields calculated for for these discrepancies are still to be determined.
this experiment are equal to the average for the experiments
carried out in air, indicating that Oprobably does not  Conclusions
significantly affect the OH formation mechanism and that the
O, mediated reactions of R@nd RO radicals, which generate
some HQ and potentially OH, do not significantly affect the
results.

The average OH yield for 9 experiments (13 observations)

The small-ratio relative-rate technique provides a reasonably
straightforward method to derive OH yields with uncertainties
in the +15-30% range from ozone-alkene reactions. Fast
reacting tracers are required, and aldehyde formation from the
. . . . alkene reaction with @must be reasonably well characterized
'5.0'346:& 0.045 (2). As Fj|scusseq_above, this uncertalnty to achieve these error limits. We have applied this technique to
arlsez)s from random error, an ?dd't.'onal syste_matlc error of the G reactions with propene and ethene and find OH formation
+15% must also be included; this results in an overall yields of 0.35+ 0.07 and 0.18+ 0.06, respectively. The OH

uncer_tainty thilg%' or g.35ib(|).07. ﬁqroshs tgﬁ s_e':dof_ h yield can be derived by solving the set of ordinary differential
experiments, there Is no observable trend in the yield wit equations that describe the chemistry of the experiment, or in

respect toTo/Ao (i.€., OH ylle_I(.:is dq not show an apparent  g,me cases, by using an analytical solution that accounts for
increase or decrease as the initial ratio becomes larger). Likewise

RO o ; only the three or four most important reactions.
the 30-fold variation in the initial concentrations of propene
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